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ABSTRACT
The lower trophic food web of Lake Ontario plays an important role in the lake’s
ecosystem, yet the trophic relationships of these taxa are not well understood. The
main objective of this thesis was to understand the isotopic variability and trophic
relationships of invertebrate taxa in Lake Ontario. The first chapter assessed
variation in the isotopic signature of two important invertebrate species and
particulate organic matter (POM). To account for lipid biases on δ 13C, lipid
normalization models were developed for the important taxa, Mysis and
Dressiends, and were found to be more efficient than existing models. Variation in
the isotopic signature of POM was related to the variation in the amount of carbon
and nitrogen in the water column. Dreissenid isotopes reflected POM variation, but
had strong relationships with depth, suggesting that POM is less relevant of a
baseline for dreissenids in the offshore. An increase in observed dreissenid δ 15N
with depth was attributed to a greater dependence on microbes in their diet.
Chapter three focused on the resource partitioning of four lower trophic functional
feeding groups of Lake Ontario. Utilizing 13 taxa and quantifying isotopic niche
for each taxon, a high degree of overlap in resource use was found among groups.
Additionally, pelagic herbivores and sessile filter feeders were utilizing similar
resources in the nearshore but utilized different resources in the offshore. This
study demonstrates that stable isotope baselines are essential to understanding the
isotopic variation of a system, but must be sampled thoroughly and well
understood before conclusions about food web structure and function can be fully
understood.
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CHAPTER 1
General Introduction
1.1 Thesis Overview
Food webs are the collective community of organisms living within a region that are
consuming and being consumed by the other members of the ecosystem (Elton 1927, Lindeman
1942). These webs can be divided into trophic levels of organisms consuming similar food
sources, and often being consumed by the same predators. In lakes, including the Laurentian
Great Lakes (hear after, Great Lakes), organisms occupying the lowest trophic levels are primary
producers, either phytoplankton in pelagic habitats or periphyton algae and macrophytes in
benthic or littoral habitats. Primary producers are eaten by primary consumers, for phytoplankton
these include zooplankton and filter feeding benthic organisms, for periphyton it includes benthic
invertebrates like Chironomids. Macrophytes mainly enter the food web via detritus and bacterial
decomposition as few animals directly consume them in freshwater ecosystems (Lodge 1991).
Primary consuming zooplankton are consumed by larger, raptorial zooplankton, and both groups
are consumed by larval and small-bodied fish, who in turn are preyed upon by the top predators
in the lake, which include larger fish, birds, and humans. Thus, the base of the Great Lakes food
web built on top of primary producers is composed of zooplankters and benthic invertebrates,
which support all other consumers in the ecosystem. Despite their importance, inter-relationships
within the zooplankton and benthic invertebrate communities in the Great Lakes are poorly
understood. Investigating these relationships was the focus of this research, using stable isotopes
to understand the flow of energy through the Lake Ontario food web.
Maintaining a healthy, diverse food web in the Great Lakes is integral to the health of the
lakes as a whole and to ecosystem services generated within its basin. Unfortunately, food webs
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of the Great Lakes have experienced substantial change due to anthropogenic stressors, including
nutrient loading, climate change, and species invasions. Without a quantitative understanding of
lower trophic levels, particularly their trophic relationships (Ives et al.2019), efforts to manage
Great Lakes food webs will lack a more integrated ecosystem perspective.
1.2 Invertebrates in the Great Lakes food webs
Our understanding of the trophic ecology of planktonic and benthic invertebrates of the Great
Lakes, including Lake Ontario, is limited and has significantly changed with alterations in
nutrient loading (circa 1978) and invasions by several invertebrate species (Dreissena spp. and
Bythotrephes longimanus in the late 1980s to mid-1990s).
The zooplankton community of Lake Ontario prior to 1980 was diverse and relatively dense
(Patalas 1969). In the early 1980’s, omnivorous Bosmina longirostris (0.154 g/m2) and
Diacyclops thomasi (0.342 g/m2) that consume phytoplankton and smaller zooplankters
(LeBlanc et al. 1997) were the most abundant zooplankton in the water column (Borgmann et al.
1984). These species are a primary prey item for raptorial zooplankters and pelagic prey fish.
Benthic invertebrates such as the generalist herbivore and detritovore Diporeia spp. and
detritivorous chironomids were also abundant and important conduits of energy to benthic
predators (McNickle et al. 2006). Mysis diluviana, a larger benthic invertebrate that either move
up in the water column to feed at night or remain at the lakebed to feed on amphipods
(Johannsson et al. 2001, Stockwell et al. 2020), is one of Lake Ontario’s keystone species
(Stewart and Sprules 2011), as it is a major conduit of energy to prey fish species (Johannsson et
al. 2001, O’Malley et al. 2017).
As the 1980’s progressed, the production of zooplankton declined with declining
phosphorous levels (Mills et al 2003). By the early 2000s, total zooplankton density was about
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half of what it was in the late 1980’s likely due to controls on nutrient loading as well as the
decreased primary production associated with the Dreissena spp. invasion and increased
predation pressures from predatory Cladocerans and planktivorous fishes (Stewart et al. 2010),
ultimately decreasing the abundance of small-bodied plankton (Warner et al 2006).
In addition to nutrients, invertebrate species invasion also had a significant impact on
biomass and dominant species. B. longimanus, the first predatory Cladoceran to invade Lake
Ontario, arrived in 1989 and predated on herbivorous, small-bodied zooplankton, affecting the
growth rates and diel migrations of prey such as Daphnia spp., Diacyclops spp. and Bosmina
spp. (Pangle et al. 2007). Cercopagis pengoi was first detected in Lake Ontario in 1998 and has
since become the dominant predatory Cladoceran (Barbiero et al. 2014). As C. pengoi was
establishing in Lake Ontario it began to compete with alewife (Alosa pseudoharengus), the most
abundant forage fish, for zooplankton prey, while also replacing Diacyclops and Bosmina spp. as
the main prey of adult alewife (Warner et al. 2006). The spiny body structures of these organisms
have made it difficult to consume, leading to its ecological role of a competitor to prey fish rather
than another link in the pelagic energy pathway (Lehman and Caceres 1993, Strecker and Arnott
2008). They have since become a main prey item for planktivorous forage fish (Parker et al.
2001, Bushnoe et al. 2003).
The Dreissena spp. invasion of Lake Ontario in the 1990s shifted much of the energy from
pelagic to benthic habitats via the filtration of pelagic carbon and deposition onto the benthos
(Vanderploeg et al. 2002). Historically, the phytoplankton were consumed by zooplankton and
that energy remained in the pelagic food web before consumption by fish or movement to
benthos in the winter. Now, a large fraction of that biomass is consumed by filter feeding
Dreissena spp. and deposited onto the lakebed. These nutrients become part of the benthic

3

ecosystems, reducing its availability to the pelagic and offshore food web (Hecky et al. 2004,
Fanenstiel et al. 2010). Once in the benthos, nutrients contribute to benthic algae and detritus that
is consumed by benthic invertebrates. This has had a significant impact on the pelagic
communities of the Great Lakes, for example contributing to the decline of Diporeia spp.
(Stewart and Haynes 1994, Nalepa et al. 2009, Madenjian et al. 2015), a major conductor of
energy through the benthic food web prior to the invasion (Madenjian et al. 2002, Nalepa et al.
2005). The loss of Diporeia in all lakes except Lake Superior eliminated a nutrient rich prey item
for fishes that utilize benthic energy pathways (Hecky and DePinto 2020).
The Dreissena spp. invasion also had a major impact on phosphorus dynamics in the lake,
contributing to changes in trophic pathways. Phosphorus is typically the limiting nutrient in
freshwater aquatic food webs as it sorbs to the iron in sediment and is not as readily available
suspended in the water column as other water soluble nutrients such as nitrogen (Harter 1969).
Phosphorous enters the lakes from the shoreline through runoff (Logan 1982) and much of it is
sequestered by wetland vegetation or through sedimentation. The phosphorus that makes it into
open water is predominantly incorporated into primary producers (Hall et al. 2003). The role of
Dreissena spp. in filtering water and depositing nutrients onto the lakebed in the Great Lakes has
created a nearshore shunt concentrating phosphorus and other nutrients to the benthos in the
nearshore and limiting the offshore and pelagic nutrient levels (Hecky et al. 2004).
Lower trophic taxa have been responsible for many of the recent changes to the Great Lakes
food webs that have altered the flow of energy to higher trophic levels. Between 2003 and 2008
the Lake Ontario zooplankton community transitioned to large bodied Calanoid Copepods
feeding off the deep chlorophyll layer from epilimnetic Bosmina spp. and Cyclopoid Copepods
that dominated the niche prior to the invasion of predatory Cladocerans (Barbiero et al. 2014,
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Rudstam et al. 2015). Lower phytoplankton abundance and chlorophyll a concentration indicate
a negative trend in pelagic production across the Great Lakes, except in Lake Ontario where it
has been increasing since 2000 (GLBMP technical report, 2019). Phytoplankton and zooplankton
biomass increase from spring to summer with diatoms being the most abundant group of primary
producers in most regions of the Great Lakes. Calanoids become more dominant in the
zooplankton community in less productive zones whereas Cladocerans and Cyclopoids have
increased total biomass in more productive zones. In the benthic zones of Lake Ontario, the
quagga mussel (Dreissena bugensis) dominates while Oligochaets have the second largest
biomass and have been increasing in abundance (GLBMP technical report, 2019).
Zooplankton communities of the Great Lakes continue to face challenges and changes to
their composition, including reduced biomass with lower levels of phosphorus in the lakes
(Bunnell et al. 2014) and multiple new invaders are anticipated to influence the food web if they
become established (Zhang et al. 2019). Despite the importance of the lower trophic levels to the
ecosystem and these changes observed in the invertebrate communities, our understanding of the
trophic relationships is a significant knowledge gap. Filling this gap is an important goal in Lake
Ontario as it is a bottom-up controlled system (Bunnell et al. 2014, Stewart and Sprules 2011).
1.3 Tracers of Trophic Interactions
Diet analysis has commonly utilized the stomach contents of an organism to determine its
feeding habits and role in the food web. A significant challenge when constructing an
invertebrate food web is the difficulty of quantifying stomach contents due to their small size and
often lack of solid body parts of prey in the stomach. Many of the invertebrates of the Great
Lakes discard the exoskeleton of their prey and only consume the soft, internal tissues, making
identification of stomach contents near impossible (Lehman and Branstrator 1996, Berges et al.
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2020). Chemical tracers such as stable isotopes can provide information where stomach content
analysis is unable to, however to a lesser taxonomic resolution. Stable isotopes are frequently
used in ecological studies to assess diet, food web structure, and habitat use of organisms
because they change in predictable ways between consumers and prey (Cabana and Rasmussen
1994, Fry 2006, Newsome et al. 2007). Isotopic signatures of different tissues give more
information about diet over a longer period (Vander Zanden et al. 2015) whereas stomach
contents only provide information on diet for a single point in time.
1.4 Stable Isotopes
Stable isotopes of carbon (δ13C) and nitrogen (δ15N) are commonly used in ecological
studies. In aquatic systems, δ13C can quantify the carbon source or diet of taxa, varying between
terrestrial, benthic, or pelagic environments (Hobson and Welch 1992, France 1995). Pelagic
sources of carbon typically have the lowest δ13C, while values increase in littoral and benthic
zones. There is an increase in δ13C with each trophic step, often called a trophic discrimination
factor (TDF), and in freshwater ecosystems is believed to be approximately 0.4 ‰ (Post 2002).
Values of δ15N also vary between habitats (Mulholland et al. 2000) though less and with a higher
TDF than δ13C, it is used as an indicator of trophic position (Minagawa and Wada 1984, Peterson
and Fry 1987, Cabana and Rasmussen 1994). The most common TDF for δ 15N in freshwater
lakes is 3.4 ‰ (DeNiro and Epstein 1981, Minagawa and Wada 1984, Post 2002), though this
can vary significantly between tissues, species, and environments (Martinez del Rio et al. 2009,
Layman et al. 2012). Values of δ15N have been observed to vary at the base of the food web
(Toda and Wada 1990, Kling et al 1992) and within the same species occupying different
ecosystems (Estep and Vigg 1985, Kline et al. 1990, Cabana and Rasmussen 1994), so spatial
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and temporal variation in the isotopic signature of taxa and the system as a whole need to be
considered.
Stable isotope signatures have been observed to be inconsistent through space and time in
freshwater lakes (Yoshioka et al. 1994, Gu and Schelske 1996). Leggett et al. (1999) observed
δ13C decreases in dissolved organic carbon (DOC) from April to October in Lake Ontario.
Particulate organic matter (POM), a collection of algae and detritus filtered from the water
column, δ13C increased by 6‰ from the beginning of stratification until the lake mixed again in
the fall (Leggett et al. 1999) and δ15N of dissolved inorganic nitrogen, POM, and zooplankters
also varied with time of year (Leggett et al. 2000). Primary producer δ 15N is controlled by the
system’s nitrogen inputs and the mode of uptake of an individual species (Goerick et al. 1994,
Waser et al. 1998). Environmental sources of nitrogen are variable across different habitats and
with time (Hecky and Kilham 1988).
Lipids are a potentially important source of bias in isotope studies as they have high
levels of 12C, and hence low δ13C, as compared to other tissues and do not accurately represent
the diet of the organism (DeNiro and Epstein 1977). Since this study utilized whole bodies of
multiple zooplankton to compose a sample, lipids were not able to be removed and were likely to
influence δ13C values. Often, zooplankton samples have a small mass, making chemical lipid
extraction difficult and time consuming. Mathematical lipid normalization is an alternative to
lipid extraction that uses a regression of bulk C:N and the difference between bulk and
normalized δ13C to mathematically correct for lipid bias. Mathematical lipid normalization can
be a cost and logistically effective way to account for the presence of lipids in samples (Sweeting
et al. 2006). While several mathematical lipid normalization models exist (Syväranta and Rautio
2010) they generally transform bulk datasets of multiple taxa and rarely are constructed for
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invertebrates, and even less so for freshwater invertebrates. The development of lipid
normalization models specific to this dataset and are constructed for individual taxa can more
accurately transform the dataset, even for closely related taxa (Larocque et al. 2021).
Niche defines the ecological role of an organism, essentially outlining how energy is
consumed by an organism and how this organism passes energy to the higher levels of the food
web (Hutchinson 1957). Alone, δ13C and δ15N are metrics of the carbon source and trophic
position respectively, but together these isotopes and their variance represent isotopic niche
(Bearhop et al. 2004). The carbon source is a metric defining from where the organism consumes
its food, from a pelagic to a benthic or littoral habitat or a combination of the two. The trophic
position is based on δ15N because of the isotope’s large trophic discrimination factor, separating
the trophic levels or identifying omnivores potentially feeding at multiple trophic levels. The
isotopic niche represents a combination of diet and habitat resource use and can be used to define
the role a species plays in a food web through the resources it utilizes.
1.5 Thesis Objectives
Understanding the trophic relations of zooplankton communities helps provide needed
and valuable insight to the Lake Ontario food web and help fill an important knowledge gap for
the Great Lakes. Quantifying these lower trophic interactions and isotopic niche overlap in Lake
Ontario is a main objective of this thesis. My MSc research utilized δ 13C and δ15N to quantify
trophic relationships, including diet, carbon sources, relative trophic positions and isotopic
niches of the species composing the invertebrate communities of Lake Ontario. Lipid models
were developed to reduce tissue biases for specific taxa and compared to existing models for
effectiveness. This project also explored spatial and temporal variation in the background
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isotopic signature of Lake Ontario food webs and assessed the effectiveness of isotopic baselines
for different taxa.
This thesis is composed of two data chapters, both utilizing a comprehensive invertebrate
stable isotope data set for Lake Ontario that was collected in 2012 and 2013 through the
Cooperative Science and Monitoring Initiative (CSMI). The CSMI is composed of multiple
government and university groups that collect data across one of the Great Lakes every year,
returning to the same lake every 5 years, and collects multiple times per year. The first data
chapter assesses the variation of POM, the isotopic baseline, and two important taxa (Mysis
diluviana and Dreissena spp.), as it relates to depth, across 5 ecoregions described by Stewart
and Robertson (1990), and through the seasons of the year after the development and application
of lipid models specific to these taxa. The second data chapter analyzes data from multiple
pelagic and benthic taxa collected in the easternmost ecoregion, and highlights differences in the
diet of taxa, how that varies with season (spring, summer and autumn), and with depth.
Chapter 1 tracks the variation in δ13C and δ15N in M. diluviana and Dreissena spp. and
POM, the isotopic baseline, across all ecoregions of Lake Ontario, depth, and through the
seasons of the year. Understanding how the trophic roles of these taxa change with these
variables is the primary objective and was assessed by measuring the carbon source of each
species based on δ13C and the relative trophic position based on δ15N. Lipid normalization
models were developed in this study to remove some of the bias introduced by lipids that stems
from utilizing whole body samples for stable isotope samples and to develop the first species
specific lipid normalization models for freshwater invertebrates. The developed models were
compared to existing lipid normalization models and were tested for efficiency so the highest
quality models could be selected to transform the remainder of the data, which were utilized in
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chapter 2. The isotopic baseline was POM which represents detritus and primary productivity in
the water column. POM is a direct food source for the taxa utilized in this study (Johannsson et
al. 2001, Kissman et al. 2010) making it an effective baseline. Understanding how POM varies in
Lake Ontario provides an important metric of the system’s background isotopic signature. This
thesis aims to understand how isotopic signature varies with space and time, and to address this,
it was hypothesized that region, depth, and season would all be important variables for
determining δ13C and δ15N. Additionally, it was hypothesized that the lower trophic communities
would utilize similar resources, and that there would be a low degree of resource partitioning
between taxa and functional groups.
Where chapter 1 focused on the isotopic variability of the system and the ecology of 2
key taxa, the main objective of chapter 2 is to understand the trophic variability within the lower
trophic levels represented by 14 taxa collected in the eastern end of Lake Ontario. Understanding
the lower trophic levels and the relationships among the taxa representing them shows how
energy moves through the lower food web. Isotopic niche was also quantified so that overlap
between taxa and the size of isotopic niches could be compared across study variables. It was
hypothesized that there would be a distinction between pelagic and benthic taxa based on the
trophic pathways utilized.
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CHAPTER 2
Spatial and seasonal variability in the trophic role of two key invertebrate taxa in
Lake Ontario
2.1 Introduction
Understanding the ecology of lower trophic level organisms is integral to quantifying the
flow of energy through aquatic food webs but remains a significant knowledge gap for most
systems, including the Laurentian Great Lakes (hereafter Great Lakes) (Ives et al. 2019). Mysis
diluviana (hereafter Mysis) and dreissenids (D. polymorpha and D. rostriformis bugensis) are
two abundant lower trophic level taxa in the Great Lakes that play a key role in the flow of
carbon between benthic and pelagic habitats (Higgins and Vander Zanden 2010, Stewart and
Sprules 2011, O’Malley and Stockwell 2019). Although the trophic relationships and carbon
sources for these species have been studied (Fahnenstiel et al. 2010, Stockwell et al. 2020), a
comprehensive assessment of how these metrics vary across seasons and space in large lakes is
lacking. Given that carbon inputs and ecological processes change with space and time (Brooks
and Torke 1977), reaching a better understanding of lower trophic relationships and the role of
different taxa in food web structure and function is needed.
Mysis is a large, motile zooplankter native to the Great Lakes. They have five instar
stages, reaching sexual maturity in the fourth instar, and have lifespans typically not exceeding 2
years (Balcer et al. 1984). Mysis usually reside at depths > 70 m (Johannsson 1995, Watkins et
al. 2015) and migrate vertically at night to feed (Beeton 1960, Boscarino et al. 2009, Ahrenstorff
et al. 2011), though some portion also remains near the lake bottom and feed on zoobenthos and
detritus (Johannsson et al. 2001, Stockwell et al. 2020). In the spring in Lake Ontario, diatoms
are an important food source for Mysis while amphipods and zooplankters become more
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important prey as the season progresses (Johannsson et al. 2001, O’Malley et al. 2017).
Widespread decline in the benthic amphipod, Diporeia spp. and the effects of species invasions
has increased the importance of Mysis in prey fish diets in the Great Lakes (Gamble et al. 2011,
Johannsson et al. 2011, Isaac et al. 2012). As one of the main conduits of energy up the food web
(Stewart and Sprules 2011), Mysis is considered a keystone species in the Great Lakes.
Dreissenids are sessile mussels that are not native to but have become impactful,
hyperabundant invaders in the Great Lakes (Higgins and Vander Zanden 2010). After a pelagic
juvenile stage, they anchor themselves to structure on the lakebed with byssal threads
(Schloesser et al. 2006), and directly consume phytoplankton and small bodied zooplankters,
such as rotifers and ciliates (Kissman et al. 2010). Zebra mussels (Dreissena polymorpha)
colonized prior to the introduction of quagga mussels (D. rostriformis bugensis), which can
establish at greater depths and filter more efficiently at low particle density (Karatayev et al.
2015). In Lake Ontario, D. polymorpha has been almost completely outcompeted by D.
rostiformes bugensis (Karatayev et al. 2015, Burlakova et al. 2021) and therefore when they are
collectively referred to despite being unidentified to the species level, are likely to be
predominantly D. rostriformis bugensis. The tendency of these mussels to concentrate pelagic
nutrients into the benthos has reduced the pelagic energy in the Great Lakes through plankton
biomass reductions (Vanderploeg et al. 2002, Higgins and Vander Zanden 2010, Kissman et al.
2010) and the redirection of nutrient flow via the nearshore phosphorus shunt (Hecky et al.
2004). Since dreissenids have acted as such drastic ecosystem engineers while becoming
hyperabundant, they have become an important taxon in the Great Lakes (Stewart and Sprules
2011). Dreissenids have changed the composition and flow of energy through Great Lakes food
webs and done so in a way that increased the ability of other taxa to invade (Vanderploeg et al.
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2002) through the reduction in pelagic biomass (Higgens and Vander Zanden 2010) and have
become an important benthic prey (Lumb et al. 2007). The ability of dreissenids to restructure a
system as expansive as the Great Lakes, combined with their extensive biomass, highlights the
need for a thorough understanding of their trophic ecology.
Chemical tracers have become an important tool for quantifying the flow of energy
through and trophic relationships of organisms within food webs (Peterson and Fry 1987, Fry
2006). Values of δ13C and δ15N are used to determine the habitat or carbon source from which an
organism feeds and the trophic position occupied by an organism, respectively (Bearhop et al.
2004). In freshwater environments, δ13C varies between pelagic, littoral, benthic, and terrestrial
carbon sources (France 1995). The change in isotope value between a prey and predator, called
trophic discrimination factor (TDF), is usually set at 0.4 ‰ for δ 13C in freshwater systems
providing a reliable tracer for quantifying carbon sources (Post 2002). Nitrogen stable isotopes
have a larger TDF, commonly 3.4 ‰ in freshwater environments (Post 2002), providing a
measure of relative trophic position. Taken together, δ13C and δ15N give a relative position of the
taxon within the food web which provides information on trophic relationships and together can
be used to quantify the isotopic, or dietary niche. Stable isotope variance is used to quantify the
isotopic niche of a species or population (Bearhop et al. 2004), which can define the magnitude
of its role within a food web.
Mysis and dreissenids utilize multiple food sources, including those at the base of the
food web, such as particulate organic matter (POM). Phytoplankton, detrital matter, and any
other particle greater than 0.45 µm are classified as POM. Monitoring POM across time allows
for phytoplankton succession to be accounted for, as different taxa peak in their biomass and
competitive ability at different times of year (Cole and Weihe 1994), and their isotopic
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signatures have been shown to vary across season in Lake Ontario (Leggett et al. 1999, 2000).
POM is commonly used as a trophic baseline in aquatic ecosystems as it represents a
combination of pelagic photosynthesis and detrital components (Halfon 1984). Baselines are
necessary in stable isotope studies, particularly those that assess seasonal and spatial changes in
diet, to account for fluctuations in the ecosystem’s background isotopic signatures (Cabana and
Rasmussen 1996, Post 2002). For Mysis and dreissenids, which feed directly on and within one
trophic step of POM, the variations in the background isotopic signature are anticipated to be
reflected in their isotope values, divergence from which may suggest trophic or habitat change.
Although stable isotopes can provide valuable metrics for food web studies, their
variability needs to be considered to understand feeding ecology of organisms, particularly in
large lakes (Boecklen et al. 2011). Isotopic signatures in aquatic ecosystems have been shown to
vary with season (Gu et al. 1994, Perga and Gerdeax 2005), space (Cherel and Hobson 2007),
and lipid content (Sweeting et al. 2006, Gaye-Siessegger et al. 2007, Post et al. 2007). Variation
in isotope values at the base of food webs can confound their interpretation up the food web as
values reflect the feeding of an organism over time, varying from a few days to months
depending on size, growth, and tissue type sampled (Hobson and Clark 1992, Gorkhova and
Hansson 1999). This is particularly true for the Great Lakes, as their large size results in isotopic
signatures that are variable across the lake or within a time period (Ives et al. 2019). For
example, Leggett et al. (1999, 2000) found that dissolved inorganic carbon (DIC), dissolved
inorganic nitrogen (DIN), POM, and invertebrates of Lake Ontario experience seasonal variation
in their isotopic signatures. These changes can be substantial, an increase of 2 ‰ was observed
from spring to autumn for δ13C of DIC in 1994 and 1995 (Leggett et al. 1999), as was the
variation in the δ15N of POM, spanning more than half a trophic step (Leggett et al. 2000).
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Leggett et al. (2000) suggests that nutrient inputs to the system in conjunction with annual
biogeochemical cycles may be the source of much of this variability. Accounting for these
sources of isotopic variability may allow for a more accurate understanding of the feeding
ecology of Great Lakes organisms and better overall understanding of food web structure.
Lipid concentrations vary between individual organisms and across species and can
confound interpretation of δ13C (Post et al. 2007). Lipid synthesis by organisms preferentially
uses 12C, resulting in a lower δ13C in fats than other tissue components. As fatty tissues
accumulate in the body, the organism’s total δ 13C deceases, and non-lipid extracted δ13C often do
not reflect the carbon consumed by the organism but rather metabolic processes (DeNiro and
Epstein 1978, McConnaughey and McRoy 1979). Thus, to properly assess δ 13C as a metric of
habitat and diet, lipids need to be removed from the samples, usually by chemical extraction
prior to analysis, or by mathematical normalization to reduce these biases (Post et al. 2007,
Logan et al. 2008). Though chemical extraction is a reliable method of accounting for lipid bias,
mathematical normalization is a useful, accurate strategy that is more practical for large datasets
(Larocque et al. 2021). While normalization models for invertebrates exist, for example,
Syväranta and Rautio (2010) developed a lipid normalization model for bulk subarctic
invertebrates, more taxonomically specific methods for Great Lakes invertebrates are lacking.
Given that Mysis and dreissenids are both important conduits of energy in Great Lakes
food webs, there is a need to better understand their trophic role and how it varies with season
and space. To address this main objective, we developed a species-specific lipid normalization
model for δ13C for each taxon based on a subset of lipid extracted samples. We hypothesized that
published models for other taxa would be less efficient in normalizing the dataset than a model
developed based on our empirical data. Primary producers are an important food source for
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Mysis (Johannsson et al. 2001, O’Malley et al. 2017), meaning variation in the isotopic signature
of POM would likely be reflected in the δ15N of Mysis. It was hypothesized that Mysis would
have similar variation to that observed in POM. Additionally, considering that light and thus
primary productivity decrease with depth, the microbial loop would be increasingly important as
depth increases. However, since resources are recycled in the microbial loop (Pomeroy et al.
2007) this would likely drive an increase in δ 15N due to isotopic fractionation (Olive et al. 2003)
as is typically observed up the food web. It was hypothesized that δ 15N would increase with site
depth for benthic dwelling organisms. We also measured POM in one ecoregion across site depth
and season to establish an ecosystem baseline for isotopes. Understanding the variability in this
baseline will help differentiate system changes in isotopic signature from food web variation due
to changes in diet.
2.2 Methods
Sample collection
This project utilized samples collected by the Ontario Ministry of Natural Resources and
Fisheries (OMNRF) and the United States Geological Survey (USGS) (Table 1) in Lake Ontario
in 2012 and 2013 as part of the annual Cooperative Science and Monitoring Initiative (CSMI),
conducted every 5 years in each Great Lake. These surveys are described by Watkins et al.
(2017). To address the main objective, δ13C and δ15N were determined in a large number of
samples (n = 304 for Mysis and 366 for dreissenids) collected across seasons, ecoregions, and
depth of Lake Ontario in 2012 and 2013. Samples were collected in the spring, summer, and fall,
but not in the winter. Mysis, dreissenids, and POM were collected at 41 stations across Lake
Ontario in 2012 and 2013, which were grouped into 5 ecoregions (Figure 1) defined by Stewart
and Robertson (1990), based on the physical and thermal characteristics of the lake.

26

Mysis were collected via vertical plankton tows of the entire water column with net
designs that varied by collection agency but were considered to have comparable catchability
(Holda et al. 2019). Mysis samples were bottled with lake water and placed on ice until they
could be taxonomically sorted in the lab and frozen for stable isotope analysis (SIA). Due to the
low mass of individual Mysis, multiple individual Mysis were compiled into a single 6-8 mg wet
weight samples for SIA. Dreissenids were collected by ponar dredge, rinsed, and placed on ice
before being returned to the lab where shells were removed prior to freezing for SIA. The SIA
for all taxa was conducted within the year following sample collection.
Water samples were collected in the field as a composite sample from 1m above the
thermocline or 2m off of the lakebed depending on site depth or to 20m of water in unstratified
samples. Water was returned to the surface, placed in Nalgene bottles, and stored in the dark on
ice until it could be returned to the lab (Holeck et al. 2008). Water samples were filtered onto
0.45µm glass fiber filters following the methods used in Kelly et al. (2017) for POM within 24
hours of field collection. The filter was wrapped in foil and frozen until it could be processed for
SIA.
Stable isotope analysis
Mysis and dressenid samples were frozen in a -80ºC freezer for at least an hour prior to
being freeze dried for at least 48 hours for SIA, homogenized into a fine powder with either a
mortar and pestle or lab scissors before 400-600 µg of tissue was weighed into tin cups. POM
samples were collected on glass fiber filters and were scraped off the filter after freeze drying if
possible, otherwise were ground into a powder on the filter. The tin cups containing samples
were then combusted in a 4010 Elemental Combustion System (Costech Instruments, Valencia,
CA, USA) coupled to Delta V Advantage Thermoscientific Continuous Flow Mass Spectrometer
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(Thermo Scientific, Bremen, Germany) to determine δ13C and δ15N. The precision of δ13C and
δ15N was determined by running four lab standards (NIST 1577c, tilapia muscle (an internal lab
standard), USGS 40, and Urea (n=210 for all)) after every 12 samples and was found to be ≤
0.17 ‰ for δ13C and ≤ 0.17 ‰ for δ15N. Accuracy based on USGS 40 certified values was -0.05
‰ difference for δ13C and -0.11 ‰ difference for δ15N from the certified value. Instrument
accuracy was also assessed using NIST standards 8542, 8544, 8573, and 8574 for δ 13C and 8547,
8573, and 8574 for δ15N throughout the time that samples were being run. For δ 13C the mean
differences from the standard certified values were -0.10, 0.17, -0.06, and 0.14 ‰, and for δ 15N
were -0.10, -0.17, -0.14 ‰, respectively.
After δ13C and δ15N had been determined, a subset of 30 ground and freeze-dried tissue
samples from each taxon was chemically lipid extracted with a 2:1 chloroform: methanol
solution based on the procedures outlined in Bligh and Dyer (1959). Samples were vortexed with
the chloroform: methanol solution before incubating in a 30 ºC water bath for 24 hours. After
being removed from the water bath, vials were centrifuged to pellet the sample so the supernatant
could be decanted. The chloroform: methanol solution was added again, vortexed, centrifuged,
and poured off, then left to be dried under a fume hood for 24 hours minimum. Samples were
then re-homogenized with lab scissors or a mortar and pestle and analyzed for δ 13C and δ15N as
above to measure lipid extracted values.
Lipid normalization models for Mysis and dreissenids.
Approximately thirty samples for each taxon were analyzed for stable isotopes for both
non-lipid extracted (δ13CBULK) and lipid extracted (δ13CLE) tissues in 2021 to develop speciesspecific δ13C lipid normalization models. An outlier was removed from the dreissenid data subset
as it appeared to gain lipid content following chemical extraction as C:N increased after lipid
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extraction. Linear regressions between the difference in δ13CBULK and δ13CLE (Δδ13C) and the
bulk C:N for Mysis and dreissenids were run to provide a model for correcting δ13CBULK for these
taxa (cf Larocque et al. 2021). We generated additional lipid corrected δ 13C (δ13CLC) estimates
using δ13CBULK and C:N for Mysis and dreissenids (i.e. freshwater invertebrates) following five
published lipid normalization models (Table 2). The linear regression model was then compared
to these existing lipid normalization models for model efficiency and fit to the δ 13CLE data.
Model efficiency was quantified using Nash-Sutcliffe efficiency (NSE), again using δ13CLE and
δ13CLC for each model (Table 2). To determine the best fit of these models, a t-test was done
between δ13CLE the δ13CLC from each model, and the results were compared.
Influence of season, ecoregion and site depth on δ 13C and δ15N
Values of δ13C for statistical analysis were normalized for lipid content using the models
develop for each species. All δ13CBULK, δ15N, and δ13CLC, data were considered normal based on
a Shapiro – Wilk test (Shapiro and Wilk 1965), so parametric statistical tests were used.
Generalized linear models (GLM) were constructed with base R (version 3.6.2) and assessed
with a backward stepwise regression to determine the minimal adequate model based on AIC.
The minimum adequate model for each was followed by an analysis of deviance using the
package emmeans (version 1.4.4) to identify the significant variables explaining the variance of
δ13CLC and δ15N for each taxon separately, using ecoregion, site depth, and season (Table 3).
Season was based on the day of the year, spring was defined from March 20 to June 20, with
summer ending September 22 coordinating with the spring equinox, summer solstice, and
autumnal equinox respectively in 2013. Ecoregion and site depth (m) were spatial variables used
in each of the original full models except for the POM models, which only had samples from a
single ecoregion but spanned a wide range of site depths.
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2.3 Results
Lipid normalization models
The Lipid normalization models developed here were based on the relationship between
Δδ13C and C:NBULK (Figure 2). When determining best of fit, t-tests of δ13CLC and δ13CLE for each
taxon both returned p-values of 0.99 since the models were constructed based on these data. The
NSE for the Mysis and dreissenid models were 0.75 and 0.85, respectively (Table 2).
The lipid correction models for both taxa created in this study fit the data more efficiently
than the previously published normalization models (Table 2). Compared to the models
developed here, published models produced lower estimated δ 13CLC than those chemically
extracted for Mysis (Figure 2), with the exception of Kiljunen et al. (2006) which was an
efficient model based on NSE, though not as efficient as the regression model and did not fit the
data as well based on t-test results (Table 2). All estimates for δ 13CLC by the model developed in
this study for dreissenids were closer to δ13CLE than those of existing models (Figure 3).
Seasonal and spatial variation in δ13CLC and δ15N
Backward stepwise linear regressions for Mysis removed season from the δ 13CLC GLM
(AIC = 609) and ecoregion from the δ15N model (AIC = 593), while the dreissenid δ13CLC (AIC
= 1291) and δ15N models (AIC = 1124) retained all independent variables. Models for POM
retained all variables for δ13CLC (AIC = 1088) but removed site depth for the δ15N model (AIC =
1058) leaving season as the sole predictor (Table 3) as POM was only collected in the Deep Hole
ecoregion.
Post hoc Tukey tests revealed Mysis δ13CLC differed significantly between the Deep Hole
and Outlet Basin ecoregions but there were no significant differences among the remaining
ecoregions. Increasing site depth trended positively with δ 13CLC (Figure 4) for Mysis and spring
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had significantly higher δ15N than summer. Dreissenid δ13CLC trended positively with season and
spring and summer were significantly different groups for δ 15N. Increasing site depth and δ13CLC
trended negatively for dreissenids whereas the other taxa trended positively. Dreissenid δ 15N
increased with site depth, a trend not observed in Mysis or POM. Both δ13CLC and δ15N were
significantly affected by season for POM as it was the only significant variable for the group
(Table 3), with summer being significantly different from the other seasons for δ 13CLC and all
seasons being significantly different from one another for δ 15N (Figure 5) based on Tukey test
results.
2.4 Discussion
Species-specified lipid normalization models for δ13C developed for Lake Ontario Mysis
and dreissenids were effective in reducing lipid bias for δ 13C without having to lipid extract.
These models were better than published models based on both t-tests and NSE, which were
developed to lipid correct multiple taxa often including both fish and zooplankton from
freshwater and marine environments. These existing models tended to underestimate δ 13C for
Mysis as it likely has a higher lipid content than other taxa. Past studies have shown that applying
lipid normalization models across species can be problematic (Fagan et al. 2011, Larocque et al.
2021), even between fish species, and recommend the development of species-specific models
(Logan et al. 2008). While published models may be effective for closely related taxa, existing
models tend to be broad and are lacking specificity for freshwater invertebrate species
(Syväranta and Rautio 2010). As well, the diversity of freshwater invertebrates, their varied
trophic roles, and short and complex life history that can include rapid growth and changes in
lipid content increases the difficulty of accounting for lipids using published normalization
models. Development of species-specific normalization models is arguably the most cost and
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logistically effective way to transform δ13CBULK data, as lipid extraction methods more than
double the time to process samples for stable isotopes and present problems for small samples,
which is a frequent obstacle for freshwater invertebrates. Thus, the efficacy of the lipid
normalization models developed here for other freshwater invertebrates requires further study
but given the poor performance of the published models for Mysis and dreissenids we
recommend using the models developed here in similar systems to Lake Ontario and apply them
to taxonomically similar organisms. The Mysis model would be applicable to lipid correct
freshwater zooplankton and benthic crustaceans and the dreissenid model for freshwater mussels.
This study used POM as a baseline for assessing the Mysis and dreissenid stable isotopes,
under the assumption that it represents the food source of these species and is known as an
effective isotopic baseline (Mancinelli et al. 2013). Due to the small mass of POM samples, we
could not perform lipid extraction. Likewise, lipid normalization models could not be developed
for POM, in large part because the methods of homogenizing POM samples resulted in glass
fibers being retained in the final sample preventing accurate estimation of POM weights and thus
C:N which is a necessary metric when calculating lipid corrected values.
Based on stable isotopes, POM had a more benthic source of carbon based on higher δ 13C
and decreasing trophic position based on δ15N from spring to summer. Since POM is the isotopic
baseline and a metric of system variation, any observed seasonal variability of trophic position or
carbon source in other Lake Ontario taxa are not necessarily a reflection of changes in diet but
could be a change in the isotopic signature of food web base. The change to benthic carbon with
time may be due to the composition of POM, potentially due to phytoplankton succession (Cole
and Weihe 1994). Additionally, the way primary producers consume carbon, their rate of
production, and the carbon source and amount of CO2 in the water column available to them
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likely affect POM δ13C (Leggett et al. 1999). Leggett et al. (2000) suggested variability in δ 15N
may not be solely due to a change in the composition of POM but rather a combination of
multiple factors, including change in the types and quantities of dissolved inorganic nitrogen
available in the system. Lake Ontario receives a considerable load of nutrients from the
productive Lake Erie (Hill and Dove 2021), which could impact stable isotopes, particularly in
the Niagara Plume ecoregion that directly receives Lake Erie water via the Niagara River. The
observed change in δ15N with season for POM is most likely responsible for the same trends
observed in higher taxa through consumption of POM. The use of POM as a baseline in this
study was considered effective as primary producers tend to make better baselines than
unassimilated inorganic nutrients (Mancinelli et al. 2013).
Mysis trophic position responded to season, and site depth in a similar way to POM, as
season was an important variable for δ15N for both taxa. Mysis δ13C was significantly impacted
by ecoregion, suggesting that Mysis are likely reflecting additional variation in baseline isotope
signatures based on their location within Lake Ontario. Disconnect observed between this POM
baseline and Mysis δ13C is likely due to selective feeding (Leggett et al. 1999). Lake Ontario
forage fish collected as part of the 2013 CSMI showed that a common planktivore, Alosa
pseudoharengus, δ13C and δ15N were also significantly affected by spatial variables and season
(Mumby et al. 2018). This forage fish spatial variation similar to that observed in Mysis may also
be due to POM spatial variability in δ13C and δ15N. A more thoroughly sampled baseline across
all the study variables may have offered more insight to the nature of this variation, as isotopic
baselines are known to vary with space and composition (Matthews and Mazumder 2003).
Dreissenid δ13CLC and δ15N were significantly impacted by all independent variables,
most notably, trophic position had a positive correlation with site depth. Since they reside on the
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lakebed, site depth for dreissenids is synonymous with their sampled depth whereas this is not
necessarily the case with other sampled taxa. Mysis and POM were both sampled in the water
column while they are planktonic, potentially explaining why POM was a more appropriate
baseline for Mysis than it was for dreissenids. Isotopic data for the benthic forage fish Neogobius
melanostomus was also observed to increase its trophic position between the nearshore and the
offshore by approximately 2‰ regardless of season in 2013 for Lake Ontario (Mumby et al.
2018). Mumby et al. (2018) found that N. melanostomus had the largest isotopic niche of all
forage fish in the study, however their diets are dominated by dreissenids. The high variability of
dreissenid δ13CLC and δ15N with spatial and temporal variables observed in this study may be
responsible for this large isotopic niche and spatial and temporal variability observed in N.
melanostomus.
Dreissenids consume phytoplankton, zooplankton, and detritus and can sustain
themselves with energy from any one of these sources (Garton et al. 2005). Since there is less
production at greater depths, organisms depend more on detritus and the microbial loop than
planktonic grazer pathways (Cole and Weihe 1994, Berninger et al. 1991). It is likely that the
microbes and other organic matter filtered by the mussels have elevated 15N due to TDFs
resulting from repeated ingestion and processing of organic matter (Munawar et al. 2011).
Individuals in the Deep Hole tended to have higher δ13C suggesting greater dependence on
benthic sources of carbon than the rest of the lake, with ecoregions like Outlet Basin leaning
more pelagic. These trends may be due to the depth of Deep Hole, increasing the ecoregion’s
dependence on detritus and decreasing production at greater depths due to light limitation
(Figure 4). Sampling hypolimnetic POM or biofilm may be a more appropriate baseline for
dreissenids and other benthic taxa, especially those residing at great depths.
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Fisheries studies have utilized dreissenids as an isotopic baseline (Heuvel et al. 2019).
However, given these findings, they may not be adequate for all taxa residing in deep water.
Given the abundance of dreissenids and their feeding strategy, they make for a logical isotopic
baseline and likely uphold their value in the nearshore where dreissenids are filtering the same
water utilized by all taxa. In the offshore, other taxa should be considered based on the energy
pathways utilized by the fishes of interest. Those feeding from benthic pathways in the offshore
would likely be well represented by a dreissenid baseline, so long as depth of samples are
considered. However, pelagic fishes are likely better represented by a Mysis, POM, or other
abundant planktonic taxon.
Conclusions
The development of a species-specific lipid normalization model for each taxon in a large
dataset is more practical and less time consuming than lipid extraction, especially for low mass
samples. These models developed for the dataset fit the data better and tend to be more efficient
than existing lipid normalization models which tend to be developed for bulk datasets accounting
for multiple taxa. Given the variable C:N of freshwater invertebrates and their taxonomic
diversity, lipid normalization is necessary and one model is likely to be less representative of the
data then multiple models based on taxonomy.
The variation in POM is likely due to the dominant organism occupying the water
column at different points in time and how that organism utilizes carbon for δ 13C. The different
sourced of carbon from atmospheric to respired input in to the water columns also likely affect
δ13C as their proportions change. For δ15N, the type and abundance of the nitrogen available in
the water column are likely responsible for variation. Nitrogen in the water column changes
based on the source and abundance of its input, whether sourced from runoff from Lake Erie via
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the Niagara River or other tributaries, or from the atmosphere. This variability was reflected up
the food web and observed in Mysis, which appeared to have a relatively consistent diet.
Dreissenids had much more variation in δ13C and δ15N than POM and Mysis due to their
relationship with depth due to the input of microbial energy into their diet. While in the
nearshore, dreissenids are mostly consuming POM, their diet relies more on microbes as depth
increases being representative of the energy available to the benthic energy pathways.
Dreissenids could be used as an adequate isotopic baseline in the nearshore and for benthic
offshore taxa but are not representative of offshore pelagic energy pathways.
Relationships among the lower trophic taxa of Lake Ontario are complex and highly
variable. Mysis appeared to be accurately represented by the POM baseline while dreissenids
were not, and this may be due to the nature of the taxa. Mysis are restricted by light and
temperature to offshore depths (Johannsson 1995, Rudstam et al. 2008) where the ecoregions
tend to be more similar while dreissenids are sedentary and found nearly everywhere in Lake
Ontario, residing on the lakebed. Utilizing an appropriate baseline and accounting for other
sources of variation wherever possible is a necessity when assessing the roles of these taxa in the
ecosystem. Also using an accurate lipid normalization model specific to each taxon is an
effective way to reduce lipid variability within the data. The carbon sources and relative trophic
positions of Lake Ontario taxa tend to have significant differences across ecoregion, season, and
depth, however, are likely explained by variation in the isotopic signature of the system as
indicated by POM. This highlights the importance of an effective isotopic baseline and the
thorough sampling of it across all independent variables. The notable exceptions to the baseline
used in this study such as the relationship between dreissenids and depth may also be
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standardized by using a more appropriate baseline but could also signify changes in trophic
relationships, like that observed with Mysis δ13C and season.
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2.6 Tables and Figures
Table 1: Stable isotope data (mean ± 1 SE) for Mysis, dreissenids, and POM collected from Lake Ontario in 2012 and 2013. Ecoregion
refers to the thermal ecoregions developed by Stewart and Robertson (1990), δ13CBULK are for non-lipid corrected values, and
δ13CLC have been corrected for lipids using models developed form C:H ratio. “NA” refers to no samples available.
Taxon
POM

Mysis

Ecoregion

Season

Deep Hole

Spring

Upwelling

Niagara
Plume

Deep Hole

Outlet Basin

Dreissenids

Upwelling

δ13CLC

δ15N

C:N

-31.1 ± 0.2
-28.5 ± 0.3
-30.7 ± 0.2
-26.9 ± 0.6
-27.6 ± 0.1
-26.8 ± 0.3

NA
NA
NA
-24.7 ± 0.4
-24.5 ± 0.1
-24.6 ± 0.2

6.3 ± 0.4
2.3 ± 0.2
4.1 ± 0.3
10.4 ± 0.4
9.9 ± 0.3
10.4 ± 0.2

NA
NA
NA
4.9 ± 0.3
5.8 ± 0.2
5.0 ± 0.2

11
20
12

-27.3 ± 0.2
-26.3 ± 0.3
-26.6 ± 0.2

-25.1 ± 0.2
-24.5 ± 0.3
-24.2 ± 0.1

13.0 ± 0.5
10.0 ± 0.3
10.5 ± 0.2

4.9 ± 0.2
4.6 ± 0.2
5.1 ± 0.2

2
28
73
48
9
25
20
1
3

-23.4 ± 0.1
-26.4 ± 0.2
-27.1 ± 0.2
-27.1 ± 0.3
-25.8 ± 0.2
-25.9 ± 0.2
-25.7 ± 0.2
-24.8
-26.5 ± 0.1

-21.8 ± 0.3
-24.2 ± 0.1
-25.9 ± 0.2
-25.5 ± 0.3
-23.3 ± 0.1
-24.2 ± 0.1
-23.8 ± 0.2
-22.4
-26.2 ± 0.0

10.9 ± 0.6
10.7 ± 0.1
13.9 ± 0.2
10.6 ± 0.2
10.6 ± 0.3
13.1 ± 0.4
11.1 ± 0.2
10.7
13.6 ± 0.1

4.4 ± 0.2
4.9 ± 0.1
3.8 ± 0.0
4.3 ± 0.1
5.2 ± 0.2
4.3 ± 0.2
4.6 ± 0.1
5.1
4.1 ± 0.2

78
Summer 102
Fall
52
Spring
8
Summer 26
Fall
21
Spring
Summer
Fall

North
Central

δ13CBULK

n

Summer
Fall
Spring
Summer
Fall
Spring
Summer
Fall
Summer

49

Fall
Niagara
Plume

Spring
Summer
Fall

North
Central

Spring

Summer
Fall
Deep Hole
Spring
Summer
Fall
Outlet Basin Spring
Summer
Fall

6

-26.4 ± 0.0

-26.3 ± 0.1

11.0 ± 0.5

4.8 ± 0.2

9
6
3

-26.8 ± 0.1
-26.0 ± 0.1
-20.5 ± 0.4

-26.5 ± 0.1
-25.9 ± 0.1
-20.3 ± 0.5

14.9 ± 0.8
16.1 ± 0.2
8.3 ± 0.2

4.4 ± 0.1
4.8 ± 0.1
4.2 ± 0.3

13
12
15
49
45
29
70
45
61

-23.6 ± 0.6
-24.2 ± 0.4
-25.5 ± 0.3
-23.0 ± 0.3
-22.7 ± 0.3
-22.5 ± 0.3
-24.7 ± 0.2
-24.6 ± 0.3
-24.3 ± 0.2

-23.3 ± 0.6
-24.0 ± 0.4
-25.5 ± 0.4
-24.7 ± 0.2
-24.5 ± 0.2
-24.2 ± 0.2
-22.9 ± 0.3
-22.3 ± 0.3
-22.1 ± 0.4

9.1 ± 0.2
8.8 ± 0.6
10.7 ± 0.7
13.7 ± 0.7
11.8 ± 0.7
13.6 ± 1.0
11.4 ± 0.4
11.0 ± 0.4
9.3 ± 0.1

4.2 ± 0.0
4.6 ± 0.1
5.0 ± 0.5
4.8 ± 0.1
4.1 ± 0.1
4.0 ± 0.1
4.9 ± 0.1
4.6 ± 0.1
4.6 ± 0.1
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Table 2: Lipid normalization models for the normalization of bulk isotope samples for Mysis and dreissenids.
“This study” is a linear regression of the relationship between lipid extracted δ13C and δ13CBULK for each
taxon. The P-value refers to the P-value of a T-test between the given model and the lipid extracted data, with
higher P-values indicating similarity to the lipid extracted data. “NSE” is the Nash-Sutcliffe model efficiency,
a metric indicating model predictive capacity where decreasing error models approach 1.
Mysis

Reference

Model

T-test
P-value

NSE

This study

δ13CLC = δ13CBULK + (0.9459 * δ13CBULK) - 2.4645

0.99

0.75

Kiljunen et al. (2006)

δ13CLC = δ13CBULK + 7.018 * (3.9 / (1 + (287 / L)))

0.28

0.65

Logan et al. (2008)

δ13CLC = δ13CBULK – 2.06 + 1.91 * ln(C:NBULK)

<0.01

-2.6

Smyntek et al. (2007)

δ13CLC = δ13CBULK + 6.3 * ((C:NBULK – 4.2) / C:NBULK)

<0.01

-4.05

Post et al. (2007)

δ13CLC = δ13CBULK – 3.32 + 0.99* C:NBULK

<0.01

-0.26

Syväranta and Rautio (2010)

δ13CLC = δ13CBULK + 7.95 * ((C:NBULK – 3.8) / C:NBULK)

<0.01

-0.15

This study

δ13CLC = δ13CBULK + (0.3932 * δ13CBULK) – 0.5806

0.99

0.85

Kiljunen et al. (2006)

δ13CLC = δ13CBULK + 7.018 * (3.9 / (1 + (287 / L)))

0.03

0.43

Logan et al. (2008)

δ13CLC = δ13CBULK – 2.06 + 1.91 * ln(C:NBULK)

0.37

0.80

Dreissenids
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Smyntek et al. (2007)

δ13CLC = δ13CBULK + 6.3 * ((C:NBULK – 4.2) / C:NBULK)

0.26

0.67

Post et al. (2007)

δ13CLC = δ13CBULK – 3.32 + 0.99* C:NBULK

0.61

0.75

Syväranta and Rautio (2010)

δ13CLC = δ13CBULK + 7.95 * ((C:NBULK – 3.8) / C:NBULK)

<0.01

0.67
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Table 3: Analysis of deviance table for GLMs done for Mysis, dreissenids, and POM, where only variables retained by a stepwise
regression are recorded. GLMs did not have any interaction terms. GLMs for POM did not include ecoregion as all samples
came from Deep Hole. Presented below are the likelihood ratio, degrees of freedom (DF), and P-values of an analysis of
deviance for each model. “NA” refers to no data available for variables that were not used in the minimal adequate model.

δ13C
δ15N

Site depth
Season
Ecoregion
Site depth
Season
Ecoregion

POM
Likelihood
DF
ratio
3.6
1
33.3
2
NA
NA
NA
NA
138.7
2
NA
NA

P-value
0.06
<0.01
NA
NA
<0.01
NA

Mysis
Likelihood DF
ratio
5.4
1
NA
NA
43.7
3
3.0
1
92.3
2
NA
NA
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Pvalue
0.02
NA
<0.01
0.08
<0.01
NA

Dreissenid
Likelihood DF P-value
ratio
83.7
1
<0.01
4.2
2
0.12
171.3
4
<0.01
2503.7
1
<0.01
56.7
2
<0.01
34.0
4
<0.01

Figure 1: Map of Lake Ontario divided into the Ecoregions developed by Stewart and Robertson
(1990) showing sampling locations for Mysis, dreissenids, and POM. The westernmost
point in the Upwelling ecoregion was collected from Hamilton Harbor.
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Figure 2: Lipid normalization plots for Mysis and dreissenids collected from Lake Ontario in
2012 and 2013. Points are the difference in the chemically lipid extracted values and the
bulk values, C:NBULK is plotted against the change from δ13CBULK to modeled δ13C. The
Model developed in this study is solid and bolded. Published lipid normalization models
are overlain for comparison.
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Figure 3: Lipid extracted δ13C values plotted against their bulk counterparts for Mysis and
dreissenid samples collected in Lake Ontario in 2012 and 2013. The solid bolded line is
the model developed in this study, and the additional lines are the published lipid
normalization models.
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Figure 4: POM, Mysis, and dreissenid δ13CLC and δ15N plotted against site depth in meters across
all seasons and ecoregions in Lake Ontario in 2012 and 2013. Dreissenid δ 15N had the
strongest correlation with site depth, and dreissenid δ13CLC correlated negatively with site
depth while POM and Mysis had a positive relationship with depth.
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Figure 5: POM, Mysis, and dreissenid δ13C and δ15N collected from Lake Ontario in 2012
and 2013 plotted against season and colorized by ecoregion; note, POM was only
collected in the Deep Hole ecoregion. The black bar on the boxplot signifies the
median, while the edges of the box are the first and third quartiles. Whiskers extend to the
lowest and highest points in the data if they are within one and a half the inter-quartile
range, if they are not, they are plotted individually and are considered outliers.
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CHAPTER 3
Trophic ecology of the functional lower trophic groups of Lake Ontario through space and
season
3.1 Introduction
Aquatic invertebrates are important taxa in freshwater food webs, occupying lower
trophic positions that funnel primary production and detrital resources to higher trophic taxa
(Stewart and Sprules 2011). Invertebrates have multi-stage life histories, changing
morphologically (Balcer et al. 1984) to occupy different habitats during different stages of their
development (Voshell 2002), and have multiple generations over the course of a year (Gilooly
2000), complicating the study and interpretation of their trophic roles in freshwater ecosystems,
particularly large lakes (Ives et al. 2019).
In the pelagic freshwater food webs, grazing herbivorous zooplankton are the main prey
of raptorial zooplankters (Johannsson et al. 2001, Bunnell et al. 2011) which in turn are
consumed by juvenile and forage fishes (Walsh et al. 2008, Stewart et al. 2009). Benthic taxa
tend to consume detritus or phytoplankton and tend to compete with dreissenids which filter the
water column collecting particulate organic matter (POM) (Higgens and Vander Zanden 2010).
These energy pathways are essential for supporting species of higher trophic position in
freshwater ecosystems, including the Laurentian Great Lakes (hereafter Great Lakes). However,
perturbations to the structure and composition of lower trophic communities have greatly
influenced the energy flow in the Great Lakes.
Non-native species have had a particularly significant impact on Lake Ontario’s
communities and the trophic links of its food webs, including invaders occupying lower trophic
levels. Bythotrephes longimanus and Cercopagis pengoi (predatory cladocerans) invaded Lake
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Ontario in 1985 (Lange and Cap 1986) and 1998 (MacIsaac et al. 1999), respectively, and
predated upon native zooplankton, initially competing with forage fish for small-bodied taxa and
altering the behavior of their prey (Johannsson et al. 1991). These predators have caused a
transition from small-bodied herbivorous zooplankton to less dense populations of larger bodied
herbivores, and through time have become an important prey of forage fishes (Parker et al. 2001,
Bushnoe et al. 2003).
Another important invertebrate invader in the Great Lakes are Dreissena spp. These
sessile mussels began their invasion of Lake Ontario with D. polymorpha in 1990 (Griffiths et al.
1991) but have since transitioned to D. rostriformes bugensis (Karatayev et al. 2015, Burlakova
et al. 2021). They generally reside on structure and the lakebed everywhere in Lake Ontario
(Schloesser et al. 2006) and have changed the general flow of energy through the food web
(Higgins and Vander Zanden 2010). Diporeia hoyi was an important native benthic invertebrate
and a conduit of energy in Lake Ontario’s benthic food web prior to the invasion of Dreissena
spp., after which their population densities decreased across the lake (Dermott 2001, Watkins et
al. 2007) along with other benthic taxa (Lozano et al. 2008). Dreissena spp. filter bacteria,
phytoplankton, and zooplankton out of the water column and deposit energy on the lakebed
(Kissman et al. 2010), which results in a majority of the phosphorus and energy entering the
system to be concentrated in the nearshore, preventing phosphorous from escaping to the
offshore (Hecky et al. 2004).
Studying the feeding ecology of freshwater invertebrates is difficult due to their small
body size and the tendency of predators to shred prey externally, rendering consumed body parts
unidentifiable (Berges et al. 2020), increasing the difficulty and time required to conduct diet
studies through stomach content analysis. Stable isotope analysis, a commonly used method for
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food web studies (Peterson and Fry 1987), is also a challenge because the small body size of
freshwater invertebrates requires 10s to 100s of individuals to generate the mass required for a
single sample. For rare species, even if present or a key link in the food web, there may not be
enough biomass available to compose a single isotope sample. Adding to the difficulties of stable
isotope studies is that many invertebrates in the Great Lakes have multiple generations over the
course of a year (Gillooly 2000), which necessitates more collection and effort to fully
understand the feeding ecology of the species and opens the possibility of gaps in the dataset or
unevenly sampled generations. For a thorough dietary study to be conducted, stable isotope
sampling caveats and isotopic variability need to be considered, as isotopes vary spatially and
temporally regardless of diet (Chapter 2).
Given the importance of the lower trophic levels in the support of the entire food web,
understanding how they utilize energy is integral. Stable isotopes are a common tool for
measuring the flow of energy and resources through a food web. Commonly used are carbon
stable isotopes (δ13C), a metric of the carbon source utilized from pelagic to benthic or littoral,
and nitrogen stable isotopes (δ15N), which determines the trophic position of a taxon based on
the trophic discrimination factor (TDF) (Peterson and Fry 1987). The TDF of isotopes is the
tendency of heavy isotopes to concentrate up the food web with repeated ingestion and
incorporation into tissues (Peterson and Fry 1987, Post 2002), which is generally 0.4‰ for δ 13C
in freshwater systems and 3.4‰ for δ15N (Post 2002). However, isotopes are known to vary
spatially and temporally (Gu and Schelske 1996), and with different tissues (Hobson and Clark
1992, Sweeting et al. 2006), meaning multiple factors should be considered before contributing a
change in δ13C or δ15N to dietary changes.
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Taken together, δ13C and δ15N make up the isotopic niche, which is a niche that outlines
habitat and trophic position. Using δ13C and δ15N to represent isotopic niche through the
consideration of both isotopes on a biplot can begin to visualize a relative food web from which
consumption and habitat can be inferred. To quantify each niche in this food web, niche size or
the resources used as represented by habitat and trophic position is calculated as a standard
ellipse area (SEA), defining the size of a niche. To compare multiple niches through resource
partitioning overlap between two groups can be calculated to assess how much of this habitat and
trophic position area is shared between two groups. Isotopic niche is a powerful tool for
understanding taxonomic groups and the way that they use resources.
While it is known that δ13C and δ15N vary in space and time among taxa (Leggett et al.
1999, 2000, Gu et al. 1994, Cherel and Hobson 2007) it is unknown how, and the magnitude to
which, δ13C and δ15N vary within different functional lower trophic level groups in Lake Ontario.
This lack of information limits inferences about trophic ecology of these species and the overall
food web. To address this, a spatially and seasonally comprehensive collection of invertebrate
samples was carried out across Lake Ontario in 2012 and 2013 as part of the cooperative science
and monitoring initiative (CSMI; Watkins et al. 2017). This paper focused on the easternmost
region of Lake Ontario which had a comprehensive and biodiverse list of species collected. The
taxa collected in this ecoregion were organized into functional feeding groups (benthic, sessile
filter feeding, pelagic herbivore, and pelagic predator). The first objective of this study is to
assess the influence of season and site depth on δ13C, or carbon source, and trophic position
based on δ15N of the invertebrates of Lake Ontario. The second objective was to quantify how
these functional groups utilize and partition resources and how that may change between habitats
and seasons using isotopic niche and niche overlap. Understanding these objectives not only
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improves upon how we interpret stable isotopes from Lake Ontario taxa across space and time,
but also tells us how energy is utilized by taxa.
3.2 Methods
Sample Collection
In 2013 as part of the CSMI aquatic invertebrate samples were collected across Lake
Ontario, Rudstam et al. (2012) outlines the CSMI sample collection. Briefly, for pelagic taxa,
zooplankton nets of varying mesh size, but with comparable catchability (Holda et al. 2019),
were utilized for full water column vertical tows. The contents of the cod end of the net were
emptied into Nalgene bottles and placed on ice before they were returned to the lab, sorted by
taxon, and frozen for stable isotope analysis (SIA). Benthic taxa were collected via ponar dredge
(area = 0.05m2) in triplicate (Rudstam et al. 2012), rinsed through a 500 μm sieve, placed in a
sample jar on ice before being returned to the lab for sorting. After samples were sorted by taxa
and Dreissena spp. were removed from their shells, samples were rinsed in distilled water before
being frozen for SIA. Samples collected in 2013 were run for SIA within the year following
sample collection.
The Outlet Basin, or the easternmost ecoregion of Lake Ontario, was selected for this
study as it had the most comprehensive and diverse dataset (Table 1). Thirteen taxa were
collected from the Outlet Basin ecoregion during the CSMI and were organized into four
functional feeding groups to increase sample size and statistical power. The benthic functional
group was made up of Chironomids, Oligochaets, and Hyalella azteca, while Dreissena spp.
composed the sessile filter feeder group. The herbivore functional group consisted of Bosmina
spp., Daphnia spp., Holopedium gibberum, and most calanoid and cyclopoid copepods. M.
diluviana and Limnocalanus macrurus are omnivores, they were grouped with the predators B.

63

longimanus and C. pengoi in the omnivore/predator functional group based on body size and
predatory behavior. These groups were assessed through space and time using habitat/depth
(nearshore and offshore) and season to understand the trophic dynamics present in these
communities.
Stable Isotope Analysis
Samples were flash frozen in a -80ºC freezer for at least an hour prior to being loaded
into a freeze drier for 48 hours. Freeze dried samples were homogenized into a powder with a
mortar and pestle or lab scissors. To determine δ13C and δ15N, samples of 400-600µg were
weighed into small tin cups and combusted in a 4010 Elemental Combustion System (Costech
Instruments, Valencia, CA, USA) coupled to Delta V Advantage Thermoscientific Continuous
Flow Mass Spectrometer (Thermo Scientific, Bremen, Germany). Lab standards were run to
determine the precision of δ13C and δ15N which was ≤0.17‰ and ≤0.17‰. The 4 standards
(NIST 1577c, tilapia muscle (an internal lab standard), USGS 40, and Urea (n=210 for all)) were
run after every 12 samples. USGS 40 certified values were used to determine accuracy which
was -0.05‰ difference for δ13C and -0.11‰ difference for δ15N from the certified value.
Instrument accuracy was also assessed using NIST standards 8542, 8544, 8573, and 8574 for
δ13C and 8547, 8573, and 8574 for δ15N. Mean difference from the certified values for
instrument accuracy for δ13C -0.10, 0.17, -0.06, and 0.14 ‰, and for δ15N were -0.10, -0.17, 0.14‰, respectively.
Statistical Analysis
Lipids are known to be problematic in isotope studies as they have high 12C compared to
other tissues and tend to represent metabolic processes instead of feeding habits and diet (DeNiro
and Epstein 1979, McConnaughey and McRoy 1979). To account for bias introduced by lipids,
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recently developed lipid normalization models for freshwater zooplankton were applied to lipid
correct the δ13C dataset (chapter 2), calculating lipid corrected δ13C (δ13CLC). These two models
were designed for Mysis diluviana and Dreissena spp in 2021 and were applied to the dataset
based on taxonomic similarity to the two modeled taxa. The development of a normalization
model specific to a particular taxon and system tends to be the best method for transforming data
derived from those particular conditions (Larocque et al. 2021, Chapter 2). Many taxa were
Arthropods and were transformed with the M. diluviana normalization model. Oligochaetes
were the only taxon to occupy a phylum separate from both Dreissena spp and M. diluviana but
given that other benthic functional feeding group taxa were transformed using the M. diluviana
normalization model, it was also applied to oligochaetes. Dreissena spp were transformed with
their species-specific model.
Data were tested for normality using a Shapiro-Wilkes test (Shapiro and Wilk 1965),
δ13C (W= 0.93, p<0.01) and δ15N (W=0.95, p<0.01) were both considered normal, as was δ 13CLC
(W=0.89, p<0.01). Given the data was normal, generalized linear models (GLMs) constructed in
base R (version 3.6.2) were used to determine the effect of each independent variable on δ 15N
and δ13CLC. Variables included habitat, which differentiated between the nearshore (<30m) and
offshore (>30m), season, and functional group and all possible interaction terms for the full
model. Functional feeding group was a significant variable, and GLMs were constructed for each
group separately using habitat, season, and the interaction.
To assess isotopic niche sizes and overlap, the small sample size corrected standard
ellipse areas (SEAc) for all functional groups across habitat and season were calculated using the
R package Stable Isotope Bayesian Ellipses in R (SIBER) version 2.1.4. This program draws
ellipses around groups over multiple iterations and reports the final mean SEAc of all iterations
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for each group. This method was utilized to calculate ellipse area for each functional feeding
group as they were grouped by habitat and season. These ellipses encapsulate 40% of the data for
each group and represent the isotopic niche, or dietary niche, of the functional feeding group. To
quantify the area of the isotopic niche, this program takes a multivariate approach to defining the
standard ellipse area (SEA), and the small sample size corrected standard ellipse area (SEAc).
These areas in combination with their positions on an isotopic biplot are taken together to
consider the magnitude of overlap between groups, which is representative of the resource
overlap taking place in this food web.
3.3 Results
The application of lipid extraction models to these data in some cases decreased sample
size for groups as the absence of C:N for certain observations prevents the calculation of δ 13CLC
(Table 1). GLMs produced variable results depending on δ 13CLC, δ15N, and functional feeding
group (Table 2). Isotopic niches of functional feeding group varied by habitat and across seasons
(Table 3, Figure 1). Sessile filter feeder isotopic niche tended to get smaller in the fall as
compared to spring and summer. Herbivores followed this trend with a smaller isotopic niche
size in the fall whereas predators had the largest isotopic niche in the summer, as fall and spring
SEA were somewhat comparable. Benthic SEAs tended to be similar across season but were
larger in the nearshore than they were in the offshore.
In the nearshore there was high resource overlap between all functional feeding groups in
all seasons (Table 4, Figure 2). Fall predators did not have high overlap with any other functional
feeding groups except the benthic taxa. The benthic functional feeding group had a relatively
consistent niche position across all seasons in the nearshore. Across all seasons, sessile filter
feeders tended to have a higher overlap between spring and summer than in the fall. Spring
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herbivores utilized more similar resources to sessile filter feeders across all seasons than they did
to any other functional feeding group.
The offshore community functional feeding groups had similar resource use across all
seasons (Table 5). The fall sessile filter feeders occupied only 10% of the spring and summer
isotopic niche for the same functional feeding group even though the spring group covered 78%
of the fall niche and the summer niche completely overlapped the fall. The benthic functional
group in the spring and summer utilized different resources despite resource use being similar
between all seasons for the group in the nearshore. Predators had less than 35% overlap between
the spring and fall suggesting a change in the resources utilized across the summer. Herbivores
were utilizing similar resources to sessile filter feeders throughout the year.
3.4 Discussion
Functional feeding group, habitat, and season were important variables that influenced
δ13CLC and δ15N in the lower trophic functional feeding groups of Lake Ontario. Such trends
have also been observed previously in Lake Ontario, in POM and zooplankton (Leggett et al.
1999, 2000), and forage fish (Mumby et al. 2018). The effects of these variables on the data were
not surprising given the small body sizes, faster growth, and population turnover, and make
assessing food web structure in large lakes using stable isotopes complex. The seasonal and
depth related trends produced variable isotopic niche sizes and overlap that demonstrated that
resource use and partitioning is also dynamic in Lake Ontario, again consistent with results for
forage fish in this large lake.
Much of the isotopic variability in the lower trophic food web is due to variability in the
isotopic signature of the baseline taxa, but once this is accounted for dietary trends can still be
inferred. The decrease observed in variability of isotopic niche as the year progresses has been
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observed in Lake Ontario pelagic taxa before, corresponding with reduced algal biomass
(Leggett et al. 2000). Dreissena spp. filter the water column consuming bacteria and
phytoplankton, but can be selective of what they consume, often avoiding taxa like cyanobacteria
(Garton et al. 2005, Naddafi et al. 2007) producing deviations in what would be anticipated
based on system signature alone. Herbivorous zooplankton are also known to be selective in their
feeding and have varying feeding behavior (Bogdan and Gilbert 1982, DeMott 1982).
Considering that analysis of niche overlap for the two functional feeding groups found that they
were utilizing similar resources, their similar isotopic variability is likely due to the baseline
variability of their food source, POM. However, there is still different utilization of resources
between the two, particularly in the offshore which may be accounted for by the increasing δ 15N
with depth found in chapter 2, likely caused by reliance on the microbial loop (Leggett et al.
2000).
M. diluviana are omnivores known to consume both phytoplankton and herbivorous
zooplankton (Johannsson et al. 2001) which also consume POM. These taxa are linked by
consumption, and since they respond to spatial and temporal variation similarly it is unlikely that
they are utilizing other energy pathways in Lake Ontario. Planktivorous forage fish also collected
in Lake Ontario in the 2013 CSMI did not find depth to be an important variable for either δ 13C
or δ15N (Mumby et al. 2018). Similarly, predator δ 13C was unaffected by site depth, though their
δ15N and herbivore δ13C were significantly affected by site depth. Some of the inconsistencies
observed between these groups in the pelagic energy pathway may be due to dietary selectivity
within each trophic level (Leggett et al. 1999). While the forage fish of Lake Ontario followed
similar trends with season and depth as those observed for the lower trophic levels, they had a
lower degree of overlap (Mumby et al. 2018). This phenomenon may be a result of selective
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feeding and partitioning of resources to a higher degree than lower taxa (Leggett et al. 1999).
Additionally, benthic taxa had large, stable SEAc in the nearshore where the offshore had
smaller and more variable isotopic niche. Since most of the productivity is confined to the
nearshore (Hecky et al. 2004) benthic taxa in this habitat are more likely to have an abundant,
diverse diet here, leading to the observed large and stable SEAc. This is not the case in the
offshore where less productivity is available, and detritus and the microbial loop become more
important.
Conclusions
There was a high degree of overlap between the resources consumed by sessile filter
feeders and herbivorous zooplankton, as POM are composing a large part of both of their diets in
the nearshore. In the offshore pelagic herbivores and dreissenid diets are not as similar as they
are in the nearshore due to the changing resources available between the photic and benthic
regions of the water column. Also observed in the offshore, pelagic predators are relying on
pelagic herbivores for a large proportion of their energy needs. Pelagic predators are less
abundant in the nearshore and this relationship was not observed.
The high amount of overlapping resource use between these lower trophic functional
groups suggests that while resource partitioning is partially taking place, functional groups are
relying on much of the same sources of energy. While this is true in all seasons and site depths,
the energy sources available change with these variables. In the offshore the benthic and sessile
filter feeder functional groups begin to utilize different resources than the herbivore and predator
groups as pelagic and benthic food webs become further apart as depth increases and are
separated by limnological strata in the observed seasons (Chapter 2). Treating pelagic and
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benthic taxa as members of different food webs is inappropriate in the nearshore but necessary in
the offshore to grasp the flow of energy within these systems.
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3.6 Tables and Figures
Table 1: Stable isotope data (mean ± 1 SE) collected from the Outlet Basin ecoregion in Lake Ontario, organized by functional group,
depth, and season. The column nLC refers to the n of δ13CLC as the absence of C:N values for some observations decreases n for
δ13CLC compared to δ13C.
Functional GroupA
Benthic

Site Depth
Nearshore

Offshore

Sessile filter
feeders

Nearshore

Offshore

Herbivore

Nearshore
Offshore

Predator

Nearshore

Season
Spring
Summer
Fall
Spring
Summer
Fall

n
48
12
50
21
3
2

Spring

35

Summer
Fall
Spring
Summer
Fall
Spring
Summer
Spring
Summer
Fall
Spring
Summer

14
39
35
31
22
12
13
21
35
3
1
4

nLC
48
12
50
21
3
2
35
14
39
35
31
22
5
1
15
9
3
1
1

δ13C
-21.1 ± 0.4
-20.7 ± 0.7
-22.2 ± 0.4
-25.8 ± 0.2
-23.3 ± 1.9
-27.4 ± 0.5
-25.7 ± 0.3
-25.1 ± 0.6
-25.2 ± 0.3
-26.4 ± 0.1
-26.2 ± 0.1
-26.3 ± 0.1
-25.9 ± 0.6
-24.2 ± 0.5
-26.8 ± 0.7
-26.4 ± 0.5
-26.8 ± 0.2
-24.6
-24.6 ± 0.6
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δ13CLC
-18.4 ± 0.4
-18.4 ± 0.7
-20.3 ± 0.4
-23.2 ± 0.2
-21.1 ± 1.7
-25 ± 1.5
-24.1 ± 0.3
-23.8 ± 0.6
-23.9 ± 0.3
-25.2 ± 0.1
-25 ± 0.1
-25.1 ± 0.1
NA
NA
NA
NA
-24.9 ± 0.2
-23.2
NA

δ15N
10 ± 0.3
9.3 ± 0.4
10.2 ± 0.2
14.3 ± 0.3
12.6 ± 1.9
12 ± 0.5

C:N
5.5 ± 0.1
5 ± 0.3
4.6 ± 0.1
5.4 ± 0.1
5 ± 0.4
5.2 ± 1.1

9.1 ± 0.1

5.4 ± 0.1

8.3 ± 0.2
8.9 ± 0.1
13.6 ± 0.5
12.2 ± 0.5
9.9 ± 0.1
12 ± 1.1
9.7 ± 0.6
11.6 ± 0.5
9.2 ± 0.4
11.8 ± 1.7
9.4
9.8 ± 1.4

4.8 ± 0.1
4.6 ± 0.1
4.4 ± 0
4.5 ± 0.1
4.7 ± 0.1
NA
NA
NA
NA
4.6 ± 0.1
4.1
NA

9
Fall
9
-25.6 ± 0.1 -23.8 ± 0.2
12.4 ± 0.2
4.6 ± 0.1
26
Offshore
Spring
26
-25.9 ± 0.2 -24.2 ± 0.1
13.3 ± 0.3
4.4 ± 0.1
27
Summer 31
-25 ± 0.3
10.2 ± 0.3
NA
NA
6
Fall
6
-25.4 ± 0.2
12 ± 0.3
5.2 ± 0.2
-23 ± 0.3
A
Functional groups are composed of the following taxa: Benthic – Chironomids, Oligochaets, and H. azteca, Sessile filter feeders –
Dreissena spp., Herbivore - Bosmina spp., Calanoid and cyclopoid copepods, Daphnia spp., and H. gibberum. Predators - M.
diluviana, L. macrurus, B. longimanus, and C. pengoi.
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Table 2: The minimum adequate generalized linear models for δ13CLC and δ15NBulk and each functional feeding group collected in
the Outlet Basin. The retained variables were selected by a two-way stepwise regression which minimized the AIC of the
model.

Functional
Group
All

Sessile
filter
feeders
Benthos

Herbivores

Predators

Isotope

Minimal Adequate Model

δ13CLC
δ15NBulk

δ13CLC = Site Depth + Season + Functional Group + Site Depth*Functional Group
δ15NBulk = Site Depth + Season + Functional Group + Site Depth*Season + Site Depth*Functional Group +
Season *Functional Group

δ13CLC

δ13CLC = Site Depth

δ15NBulk

δ15NBulk = Site Depth + Season + Site Depth*Season

δ13CLC

δ13CLC = Site Depth + Season

δ15NBulk

δ15NBulk = Site Depth + Season + Site Depth*Season

δ13CLC

δ13CLC = Site Depth

δ15NBulk

δ15NBulk = Season

δ13CLC

δ13CLC = Season

δ15NBulk

δ15NBulk = Site Depth + Season + Site Depth*Season
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Table 3: Standard ellipse area corrected for small sample size (SEAc) for all Outlet Basin groups assessed in this study plotted on an
isotope biplot of δ13CLC and δ15NBulk.
Nearshore
Spring

Offshore Spring

Nearshore
Summer

Offshore
Summer

Nearshore Fall

Offshore Fall

Sessile filter
feeders

4.6

4.2

5.1

6.1

2.6

0.5

Benthic

17.6

2.9

8.7

4.2

7.7

NA

Herbivore

7.0

6.3

NA

6.2

NA

2.2

Predator

NA

3.7

NA

9.6

1.1

3.8
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Table 4: Nearshore overlap for all functional groups across all seasons expressed as a percentage of the first functional group from
Lake Ontario. The table is read as the proportion of the column that overlaps with the row, i.e., spring sessile filter feeders are
62% overlapped by Spring Benthic

Spring
Sessile
filter
feeders
Spring

Sessile
filter
feeders
Benthic

Summer

Fall

Herbivores
Sessile
filter
feeders

Benthic

Summer
Sessile
filter
Herbivores
feeders

--

62

81

16

--

14

54

36

--

Benthic
Sessile
filter
feeders
Benthic
Predators

82

Benthic

--

28

16

--

Fall
Sessile
filter
feeders

Benthic

Predators

--

10

0

3

--

12

0

86

--

Table 5: Offshore overlap for all functional groups across all seasons expressed as a percentage of the first functional group. The table
is read as the proportion of the left column that overlaps with the top row, i.e. 19% of spring sessile filter feeder is overlapped
by spring benthic.

Spring
Sessile
filter
feeders
Spring

Sessile
filter
feeders
Benthic

Summer

Fall

Predators
Sessile
filter
feeders
Benthic
Sessile
filter
feeders
Herbivore
s

Benthic

Predators

--

19

46

28

--

61

53

48

--

Summer
Sessile
filter
feeders

Benthic

Fall
Sessile
filter
feeders

--

10

9

14

--

0

Predators

83

Herbivore
s
Predators

60

7

--

9

16

--

Figure 1: The Bayesian density plots of the calculated Bayesian standard ellipse areas
(‰2) for each functional group with at least 2 observations. See Table 3 for the
data corresponding to the figure. The upper limit of the offshore summer benthic
functional group extends to 80. Where a functional group is not listed there were
too few points to calculate an ellipse.
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Figure 2: Stable isotope biplots of ellipses representing dietary niche for all functional
groups in the study across season and between depths. Ellipses encapsulate 40%
of the data for the group that it represents.
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CHAPTER 4
General Discussion
4.1 Summary
This thesis addressed previously unexplored questions in the Great Lakes
regarding the magnitude of baseline isotopic variability, trophic dynamics at the base of
the food web that affect higher trophic taxa and quantified the resource partitioning
taking place among functional feeding groups. We also developed species specific lipid
correction models applicable to important Lake Ontario taxa which can be applied to
large, comprehensive datasets like those used here, while being cost effective and
efficient. These models were based on data produced by chemical lipid extraction (Bligh
and Dyer 1959) which is an effective method but often doubles the time required for
analysis and is not ideal for samples with small mass like invertebrate samples, as tissue
can be lost making analysis impossible in some cases.
Studies of trophic interactions help to develop an understanding of the dietary
requirements and the energy pathways that support the organisms residing within an
ecosystem. Chemical tracers are useful tools in tracking the flow of energy though food
webs (Peterson and Fry 1987). Stable isotopes, particularly δ 13C and δ15N, are common
chemical tracers used in dietary studies and can be used to quantify the carbon source
utilized and trophic position occupied by organisms (France 1995, Post 2002). Together,
these two isotopes are used to quantify the dietary niche of a taxon or group (Bearhop et
al. 2004). However, stable isotopes vary spatially, temporally, by taxon, and with the
tissue sampled (Perga and Gerdeax 2005, Cherel and Hobson 2007, Post et al. 2007)
confounding the interpretation of results. The utilization of an isotopic baseline can help
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explain some of this variability (Cabana and Rasmussen 1996), as trends in the baseline
would be anticipated in higher taxa, deviations from which suggest changes in habitat use
or trophic position.
The Laurentian Great Lakes have diverse lower trophic communities that
influence the food web through bottom-up effects (Bunnell et al. 2014, Stewart and
Sprules 2011). Changes in nutrient inputs, and non-native species introductions have
affected the flow of energy through the lakes resulting in reduced biomass, density, and
diversity of Great Lakes communities (Johannsson et al. 1991, Hecky et al. 2004,
Watkins et al. 2007). Understanding the diets and the variation in the isotopic niches of
these communities as well as understanding the resource use of important taxa is
important to understanding how the food web functions. Quantifying this for Lake
Ontario was the focus of this research. Lake Ontario’s lower trophic levels have highly
variable isotopic signatures that confound the conclusions that can be drawn from these
studies. While lipid normalization can reduce these biases, spatial and temporal factors
also increase isotopic variability and need to be accounted for with an adequate and
comprehensive isotopic baseline.
To understand the isotopic variability of Great Lakes lower trophic food webs and
how they change through space and time, as well as to interpret the effects of baseline
variation on important taxa, chapter 2 utilized a comprehensive Lake Ontario dataset
collected in 2013 to address these objectives. This chapter also developed lipid
normalization models specific to these important taxa to account for isotopic variation not
contributed to diet or baseline variation, the first such species-specific effort for
freshwater invertebrates. The lipid models developed here were more efficient in
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transforming and fit the dataset better than any of the five existing models they were
compared to. After mathematical lipid normalized had been applied to the dataset,
generalized linear models were used to determine which variables were most important in
determining δ13C and δ15N for the taxa. The isotopic baseline, POM, was found to
decrease δ13CLC with season likely due to multiple factors including the taxonomic
composition of the baseline, the way that different taxa consume carbon, and the
availability of CO2 in the water column (Leggett et al. 1999). POM was also found to
have decreasing δ15N with season, a trend commonly observed across many taxa in Lake
Ontario and considered to be related to the type and quantity of nitrogen available in the
water column (Leggett et al. 2000). The availability of nitrogen is likely to fluctuate
somewhat frequently in Lake Ontario as much of the lakes nutrient inputs come from
Lake Erie (Hill and Dove 2021). Mysis diluviana, one of the two invertebrates studied
and a keystone predatory zooplankton (Stewart and Sprules 2011), was found to follow
trends like those observed in POM, with what little disconnect was observed being
attributed to selective feeding of not only Mysis, but of the other prey of Mysis, creating
deviations in δ13C and δ15N with spatial and temporal variables (Leggett et al. 1999).
Dreissenids, the second taxon studied in this chapter and a hyperabundant invasive
species (Higgins and Vander Zanden 2010), did not follow POM trends as closely as
Mysis, likely due to the differences in the habitat occupied by the taxa and the way that
POM was sampled. Notably, a strong positive correlation where the dreissenids feeding
at greater depths had higher δ15N thought to be a result of increased utilization of the
microbial loop as an energy source. Had POM been sampled more thoroughly from all
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regions and throughout strata, dreissenid variability may have been better represented by
the baseline.
To assess the trophic dynamics of a Lake Ontario lower trophic community,
chapter 3 utilized a dataset from the Outlet Basin and analyzed the effect of depth/habitat
(nearshore and offshore) and season. The Outlet Basin was chosen because the Outlet
Basin dataset was the most biodiverse and most thoroughly sampled. All taxa were
consolidated into functional feeding groups based on their life histories and feeding
behavior. Each feeding group was assessed with a GLM to determine which variables
affect the δ13C and δ15N for each group to understand how the habitat and trophic
positions of these communities change with these variables. To understand resource use
isotopic niche was quantified and overlap was calculated between groups so that resource
partitioning could be assessed. The different lower trophic functional groups tended to
have a high degree of overlap and similar resource use. Lake Ontario forage fish, while
following similar trends observed in zooplankters, had less overlap (Mumby et al. 2018)
likely a result of selective feeding (Leggett et al. 1999). The nearshore communities had
much overlap and tended to have larger SEAc than the same groups had in the offshore.
As these groups increase depth they rely more on different sources of energy whereas the
nearshore has higher phosphorous, light, and productivity (Hecky et al. 2004) so benthic
taxa rely less on the microbial loop than they would in the offshore. This was evident
with herbivores and sessile filter feeders as the herbivores remain suspended in the water
column while the filter feeders occupy greater depths as site depth increases. These two
taxa utilize similar resources in the nearshore but utilize different resources as depth
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increases, which is likely what is influencing the strong positive correlation between δ 15N
and depth observed in chapter 2.
Improving upon diet studies with more comprehensive data and the utilization of
multiple methods to understand feeding reinforces the conclusions that can be made from
the research. New methodologies for measuring stable isotopes require less sample mass
to measure accurate and precise δ values, which becomes highly applicable when
studying organisms with low body mass like freshwater invertebrates and makes the
collection of a comprehensive dataset easier. Polyclonal antibodies are another method
recently utilized in the Great Lakes for identifying shredded zooplankton gut contents
based on unique proteins and have been used for individual predatory zooplankton
(Berges et al. 2020). These new methods utilized together would be a powerful strategy
for determining the diet of zooplankters and understanding more about the spatial and
temporal variability in the resource utilization and partitioning across the Great Lakes and
beyond.
Conclusions
The isotopic signatures of isotopic baselines vary through time and space due to
changes in the carbon and nitrogen available in the system. Carbon enters the system
through respiration and the atmosphere but is metabolized by various primary producers
in different ways. The δ13C of the isotopic baseline changes through time as different
algae bloom and become most abundant in the water column, all utilizing carbon with
different methods. Nitrogen inputs into the system also vary by the type and abundance
of nitrogen. The atmosphere and runoff inputs are the primary sources of nitrogen in the
Lake and bring in different types and concentrations of nitrogen throughout the year
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changing the δ15N of the taxa consuming this nitrogen. Better understanding these
inorganic sources or carbon and nitrogen and how they change through the year would
help our interpretation of the variation in baseline isotopes of different systems.
The short lifespans and minimal movement of primary producers and
invertebrates provide a short-term view of the isotopic signatures of a region during a
certain period of time. This study has revealed the variable nature of a large lake
ecosystem’s isotopic signatures and the considerations that must be made prior to
extrapolating isotopic trends to dietary causation. In Lake Ontario, higher trophic taxa
tend to be more motile and long lived than the primary producers and invertebrates
utilized in these studies. When utilizing stable isotopes to infer the diet of one of these
higher trophic taxa not only should the tissue turnover rates (VanderZanden et al. 2015)
and location collected be considered, but the motility and the position of the predator
during different times of year. Simplifying lower trophic taxa into functional feeding
groups as done in chapter 3 streamlines the study of the flow of energy up the food web
while still retaining the differences between communities. Beyond the Great Lakes,
spatial and temporal isotopic variations are likely to affect communities in a similar
manor, prompting a need to understand just how different systems vary isotopically
before meaningful diet studies can take on spatial and temporal perspectives.
Pairing stable isotope studies with other dietary analyses is good practice to
reinforce conclusions and understand isotopic variability. New stable isotope methods
require less sample mass to measure accurately. The requirement of less mass is
especially important for invertebrate samples which struggle to achieve enough mass for
an isotope sample. This lower mass requirement will allow more taxa to be sampled more
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consistently across a system and through time. Other chemical tracers such as polyclonal
antibodies allow for the identification of zooplankton gut contents via the identification
of proteins through antibody assays (Berges et al. 2020). This method allows for species
level identification of diet which is not provided by stable isotopes. These two methods
used in conjunction would be powerful in understanding the flow of energy through a
system and allow for it to be done relatively easily.
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